The Drosophila post-embryonic neuroblasts (pNBs) are neural stem cells that persist in the larval nervous system where they proliferate to produce neurons for the adult CNS. These pNBs provide a good model to investigate mechanisms regulating the maintenance and proliferation of stem cells. The transcription factor Grainyhead (Grh), which is required for morphogenesis of epidermal and tracheal cells, is also expressed in all pNBs. Here, we show that grh is essential for pNBs to adopt the stem cell programme appropriate to their position within the CNS. In grh mutants the abdominal pNBs produced more progeny while the thoracic pNBs, in contrast, divided less and produced fewer progeny than wild type. We investigated three candidates; the Neuroblast identify gene Castor, the signalling molecule Notch and the adhesion protein E-Cadherin, to determine whether they could mediate these effects. Neither Castor nor Notch fulfilled the criteria for intermediaries, and in particular Notch activity was found to be dispensable for the normal proliferation and survival of the pNBs. In contrast E-Cadherin, which has been shown to regulate pNB proliferation, was present at greatly reduced levels in the grh mutant pNBs. Furthermore, ectopic expression of Grh was sufficient to promote ectopic E-Cadherin and two conserved Grh-binding sites were identified in the E-Cadherin/shotgun flanking sequences, arguing that this gene is a downstream target. Thus one way Grh could regulate pNBs is through expression of E-cadherin, a protein that is thought to mediate interactions with the glial niche. q
Introduction
Stem cells have the capacity for self-renewal and for generating or maintaining the diverse cell types present in a tissue (e.g. Gage, 2000; Weissman, 2000) . During an animal's lifetime, stem cells may enter into and exit from periods of quiescence according to the state of the tissues. Little is known however about the mechanisms that confer programmes of stem cell proliferation and/or quiescence. In Drosophila, a population of neural stem cells is maintained through the larval stages (Truman et al., 1993) , providing a genetically tractable model for investigating stem cell regulation. Neurogenesis occurs in two phases in Drosophila. During embryogenesis the first phase establishes the basic ground-plan of the nervous system, which is functionally active during the feeding, larval period. Within the larval CNS a second phase of neurogenesis takes place that produces the additional neurons required in the adult fly (Truman and Bate, 1988) . Elegant transplantation experiments showed that the neuroblasts responsible for this second wave of neurogenesis represent a subset of the embryonic neuroblasts (Prokop and Technau, 1991) . These enter quiescence at the end of embryogenesis and then reactivate in larval stages. The reactivated post embryonic neuroblasts (pNBs) undergo self-renewing divisions, dividing asymmetrically to produce ganglion mother cells that in turn divide once to produce two post-mitotic progeny (Truman et al., 1993) . Through their sequential cycles of division many pNBs produce over 50 progeny (Bello et al., 2003; Truman et al., 1993) . The pNBs, therefore have the characteristics of neural stem cells (Doe et al., 1998) . Understanding how the pNBs are programmed to enter and exit quiescence and how their proliferation and senescence is regulated are therefore of primary importance.
Three types of mechanism might account for the regulation of the pNBs; an intrinsic mechanism mediated by specific transcription factors expressed in pNBs, an extrinsic mechanism meditated by local cell interactions within the lineage, or an extrinsic mechanism involving interactions with another cell-type or 'niche' (Watt and Hogan, 2000) . Arguments in favour of intrinsic programming have come from studies of the embryonic neuroblasts in Drosophila and the oligodendrocyte precursors in mammals (Brody and Odenwald, 2000; Durand and Raff, 2000; Isshiki et al., 2001; Kondo and Raff, 2000; Pearson and Doe, 2004) . In Drosophila, the embryonic neuroblasts express a series of transcription factors in sequence. These so-called neuroblast identity genes, hb, kr, pdm and castor, are expressed at specific stages in neuroblasts and in GMCs born during that time, conferring an identity on the GMC that regulates the type of neurons it gives rise to (Isshiki et al., 2001) . In this way it is envisaged that neuroblasts go through a sequence of distinct identity states depending on the transcription factors that are expressed. This intrinsic programming operates in many embryonic neuroblasts (Brody and Odenwald, 2002; Isshiki et al., 2001; Novotny et al., 2002) but has not yet been shown to carry through to post-embryonic stages.
In cultured neuroblasts from Drosophila embryos, the last transcription factor to be turned on is Grainyhead (Grh) (Brody and Odenwald, 2000) , the founding member of a family of transcription factors conserved between Drosophila and mammals (Venkatesan et al., 2003; Wilanowski et al., 2002) . It has therefore been proposed that Grh is the last in the sequence of neuroblast identity genes so that the temporal cascade would be-hb, kr, pdm, castor, grh (Brody and Odenwald, 2002) . Grh expression is detected in all neuroblasts that enter quiescence at the end of embryogenesis and it persists in pNBs through larval stages (Bray et al., 1989; Prokop et al., 1998) . Furthermore, in mutants where extra pNBs persist because cell death is inhibited or because segments are incorrectly programmed, the ectopic pNBs also express Grh (Peterson et al., 2002; Prokop et al., 1998; White et al., 1994) . This protein is therefore a good candidate to confer pNB identity and to co-ordinate the post-embryonic phase of neurogenesis.
Evidence indicating that extrinsic signals regulate stem cell fates comes from a range of systems (Watt and Hogan, 2000) . For example, in the Xenopus retina cell-cell signalling mediated by Notch is important for maintaining the precursor population (Dorsky et al., 1997; Dorsky et al., 1995; Rapaport and Dorsky, 1998) . Likewise, mouse neural stem cells are inefficiently maintained in the absence of Notch activity (Hitoshi et al., 2002) . Similarly, signals from surrounding cells, the so-called niche, are often critical in maintaining the competence of stem cells (Fuchs et al., 2004; Ohlstein et al., 2004; Watt and Hogan, 2000) . In several cases, adherens junctions are involved in interactions with the niche cells. The extracellular matrix is also thought to play a key part. Hence cell surface receptors such as Cadherins (e.g. Zhang et al., 2003) and Integrins (Jones et al., 1995) are required to maintain many types of stem cells. In Drosophila E-Cadherin function in the pNBs and the glia that ensheath the CNS is important for maintaining the proliferative capacity of the pNBs (Dumstrei et al., 2003a) .
We set out to investigate the role of Grh in the Drosophila thoracic and abdominal pNBs, using a CNS specific mutation in the grh gene, to determine whether it is one of the intrinsic factors needed to confer pNB stem cell capability. In other tissues, such as the trachea and epidermis of Drosophila, the activity of Grh is needed for cells to acquire their correct morphology and epithelial characteristics (Bray and Kafatos, 1991; Hemphala et al., 2003; Mace et al., 2005; Ostrowski et al., 2002) . We therefore also wanted to investigate whether Grh might exert its effect on pNBs by regulating genes encoding cell surface receptors, such as Notch and E-Cadherin that might contribute to extrinsic signalling between the stem cell and its environment.
Results
The transcription factor Grh is present in all the postembryonic neuroblasts, (pNBs) (Fig. 1A,B 1989; Prokop et al., 1998; Uv et al., 1997) . Here, we briefly summarise the characteristics of its expression pattern in the ventral ganglion, which reflect the segmental differences in the number of neuroblasts that persist in this part of the larval CNS (Truman and Bate, 1988) . Firstly, many more Grh-expressing cells could be detected in the thoracic region (which are reported to have 23 pNBs per hemisegment) than in the abdominal neuromeres (where only 3 pNBs, vm, vl and dl, persist: Fig. 1A,B) . Second, Grh expression in the abdominal region disappeared by late third instar (96 h after-hatching, Fig 1B) corresponding to the time when the abdominal pNBs cease dividing and die (Bello et al., 2003; Truman and Bate, 1988) . Thirdly, Grh was also detected in smaller cells associated with the pNBs (Fig. 1D,D 0 ), which appeared to be the ganglion mother cells (GMCs) based on their position and co-labelling with a cell division marker phospho-Histone H3 (pH3; Fig 1D and data not shown) . Finally, Grh expression did not persist in the post-mitotic progeny of pNB lineages which could be labelled with Gooseberry-proximal (Gsb-p, transiently expressed in the progeny of some lineages and overlapped with Grh in the GMC but not in other cells; Fig 1C,D,D 0 ). The more mature progeny also express high levels of Prospero, which is present at much lower levels in the Gsb-p expressing cells and the GMCs. The expression of Grh in the pNB and GMC suggested that it could have a role similar to that of neuroblast identity genes. We set out therefore to investigate whether it confers specific properties on the thoracic and abdominal pNBs of the ventral ganglion.
Null alleles of grh are embryonic lethal. Therefore, to investigate the role of Grh in the pNBs we took advantage of the grh 370 allele, which has a frame-shift in the CNS specific transcript (Uv et al., 1997) resulting in termination upstream of the DNA binding and dimerisation domain of Grh. The grh 370 animals survive to post-embryonic stages because Grh is still present in other tissues, although it is absent from the pNBs (Uv et al., 1997) . We used this allele in trans to a deletion that removes the grh gene (Df(2R)Pcl7B), which produces a slightly more severe phenotype than grh 370 homozygotes, indicating that the grh 370 allele is not completely null for CNS function.
The proliferation of pNBs in wild-type and grh 370 was examined by labelling cells in S-phase with bromodeoxuridine (BrdU) (Truman and Bate, 1988) . When wild-type and grh 370 larvae were fed BrdU, several differences in the pNB lineages were detected (Fig. 1F,G) . First, there were 1-2 extra ventral clusters per hemisegment in the abdominal segments in grh 370 (arrowheads, Fig. 1G ). Second, there were more progeny in the abdominal clusters (arrows, Fig. 1G ). Third there appeared to be fewer progeny in the thorax (Fig. 1G ). Thus removal of grh appears to result in complex phenotypes in the pNB stem cells, with opposite effects on abdominal and thoracic pNBs.
Changes in pNB lineages in grh mutants
To confirm the defects observed with BrdU labelling we characterised the expression of Gsb-p and Prospero in the CNS of wild-type and grh mutant larvae. In the embryo, the pairedhomeodomain transcription factor Gsb-p is present in eight lineages per hemi-segment, where it confers positional identity (Baumgartner et al., 1987; Buenzow and Holmgren, 1995) . In the larval CNS, it was also present in eight lineages per thoracic hemisegment (6 ventral and 2 dorsal; Fig. 1A , 2A) and in 2 of the 3 abdominal lineages (vm and vl, Fig. 2A ). We detected Gsb-p expression in a similar number of larval lineages in wildtype and mutant CNS, and where it was expressed in the subset of progeny located closest to the pNB (e.g. Fig. 1C,D) .
In wild-type CNS, Gsb-p expression disappeared from the abdominal regions at about the time when the abdominal pNBs normally die (Bello et al., 2003 ; Fig. 2A ,C) suggesting Gsb-p marks a transient stage in the development of the pNB progeny. In grh 370 expression continues until much later times (O96 h after hatching) in the abdominal segments and more labelled cells are detected in each abdominal cluster (Fig. 2B,D) . At their peak (approximately 72 h after hatching) there are on average 7-9 Gsb-p cells per cluster in the mutant (nZ22) compared with 3-4 in wild-type (nZ17). These data confirm the BrdU labelling and indicate that the abdominal pNBs proliferate more extensively and for longer. In contrast, the thoracic clusters of Gsb-p expressing-cells become progressively smaller over the course of larval development ( Fig. 2A-D) . By late third instar there are many fewer Gsb-p expressing cells in each thoracic cluster than in wild-type (Fig. 2C,D) , suggesting that mutations in grh result in reduced proliferation or premature differentiation in these lineages.
To further investigate the change in the pNBs behaviour in grh mutant we monitored Prospero expression at late L3 CNS. Prospero protein is present in the progeny of both wild-type and grh 370 pNBs (Fig. 2E,F) . However, in grh 370 the density of Prospero expressing cells in thoracic segments was clearly decreased (Fig. 2F) , consistent with the decreased Gsb-p expression and BrdU incorporation in these lineages. Within the anterior of each segment a subset of pNB lineages showed a more marked reduction in the number of Prospero expressing cells (arrows, Fig. 2F ). This was similar to the effect on Gsb-p, where two of the six clusters in each hemi-segment showed a more profound reduction in size (arrowheads, Fig. 2D ) and suggested that the precise effects of grh mutation differ according to the lineage.
The change in proliferation patterns was born out when we analysed mitotic activity using anti-phospho-histone H3 (pH3) antibody to give a snap-shot of the number of cells in mitosis. There was increased pH3 labelling in the abdominal region of grh mutant CNS with on average13 mitotic cells in A2-A6 of grh 370 CNS (nZ5) compared to !1 mitotic cell in wild-type (nZ5) (Fig. 2G,H ). In contrast, there were fewer mitotic cells present in the thoracic region (58 in wild type, 36 in grh 370 , nZ5; Fig. 2G ,H) confirming that grh 370 leads to reduced proliferation in thoracic pNB lineages, in contrast to the effects in the abdomen. The changes in proliferation in the thoracic lineages could reflect delays in the re-activation of the pNBs or an alteration in the subsequent maintenance/ proliferation. To investigate this we examined at what stage Gsb-p-expressing progeny first appear in wild-type and grh 370 larvae. In both cases, Gsb-p expressing progeny were first detected in the thoracic neuromeres of late L2 CNS (30-45 h after hatching) and in the abdominal neuromeres of early L3 CNS (50-60 h after hatching).
In summary, therefore, we observed reduced proliferation of the thoracic pNBs in grh 370 larvae. This contrasts with the effects in the abdominal segments, where the pNBs continue proliferating for longer. These complex defects suggest that grh is likely to regulate pNBs through a number of different mechanisms. We set out to investigate three possible candidates for downstream effectors Castor, Notch and Cadherins. The former is a transcription factor expressed in the embryonic neuroblasts prior to Grainyhead. The latter are cell surface proteins implicated in stem cell regulation in several other systems.
Expression of Castor in grh mutants
One explanation for the change in behaviour of the grh mutant pNBs is that they have reverted to an earlier, more embryonic type of behaviour. In the embryo, NBs sequentially express transcription factors that confer stage specific characteristics (Brody and Odenwald, 2002; Isshiki et al., 2001) . It has been reported that Grh is the last transcription factor expressed in the embryonic lineages (Brody and Odenwald, 2002; Isshiki et al., 2001) and it is detected in all the neuroblasts that survive post-embryogenesis. Grh is preceded by expression of Castor. If the grh mutant pNBs have reverted to an earlier identity, they might therefore show prolonged expression of Castor expression. In the late third instar of both wild-type and mutant larvae, Castor was detected in the progeny of all the pNB lineages, but no expression is detected in the pNBs (e.g. Fig. 3A ). We therefore examined earlier time-points to determine whether there was any ectopic expression of Castor in the grh 370 pNBs. Unexpectedly, we found that Castor was expressed in a subset of pNBs in late L2 CNS of both wild-type and grh 370 CNS (w7 pNBs per hemisegment; Fig. 3B-D ). These were largely complementary to the Gsb-p-expressing pNBs, with overlap in only 1 pNB per hemisegment (arrow Fig. 3C,D) . Subsequently, Castor was detected in many more pNBs as well as in their progeny in both wild type and grh 370 (Fig. 3E,F ). We have not been able to determine whether it is transiently expressed in every pNB at some time.
The only differences from wild-type that we detected in grh 370 were in late L3 when there were fewer Castor expressing cells in thoracic segments of grh 370 , consistent with the reduced pNB proliferation (Fig. 3G,H) . However, we did not find any extra pNBs that expressed Castor at the earliest times (late L2) that might be indicative of pNBs adopting an earlier identity. Likewise, we did not detect any ectopic embryonic neural subtypes (e.g. Serotonin or Eagle expressing neurons; data not shown). Thus, the phenotype of grh mutants cannot simply be explained by the pNBs reverting to an earlier embryonic state. We also conclude that Castor expression is normally re-initiated in some, if not all pNBs, where it is expressed transiently.
Notch activity in the pNBs
Another potential candidate for mediating the effects of Grh on the pNBs is Notch. Activation of Notch has been associated with the regulation of proliferation and/or apoptosis in many systems, and expression of both Notch and Delta has been reported in the pNBs (Fehon et al., 1991; Johansen et al., 1989; Kidd et al., 1989; Kooh et al., 1993; and see Fig. 4) . In order to monitor Notch activity, as well as Notch protein levels, we examined the expression of one of the Notch target genes from the Enhancer of split locus, E(spl)mg, using a transgene containing green fluorescent protein (GFP; see materials and methods).
As described previously, Notch protein was detected at high levels both on the surface of wild-type pNBs and on the adjacent progeny ( Fig. 4A-C ; Fehon et al., 1991; Johansen et al., 1989; Kidd et al., 1989; Kooh et al., 1993) . In contrast the E(spl)mg-GFP reporter was expressed strongly in the pNBs (based on size of nuclei and co-labelling with Grh and pH3; Fig. 4A ,C,F) but was not detected in the progeny. Occasionally it was present in one of the GMCs, but this may be due to inheritance of the GFP at mitosis. Both Notch and E(spl)mg-GFP expression correlated with the active phase of pNBs, being first detected in the thorax of late L2 CNS and labelling the abdominal pNBs in early to mid-L3 (Fig. 4B ). Together these data suggest that Notch is specifically activated in the pNBs themselves. However, this conclusion is based on the assumption that E(spl)mg expression depends on Notch activity in these cells as it does elsewhere. To confirm that E(spl)mg-GFP is indeed an indicator of Notch activity we examined expression in Notch mutant CNS (N ts raised at the non-permissive temperature; Fig. 4D ,E). Mutant CNS had severely reduced E(spl)mg-GFP expression, in comparison to wild-type raised under the same conditions. Thus, E(spl)mg-GFP is indeed dependent on Notch activity for its expression and is indicative of Notch activation in the pNBs.
We therefore investigated whether Notch activity was altered in grh mutants by monitoring expression of both Notch and E(spl)mg-GFP (Fig. 5A,B and data not shown). Both were more robustly expressed in the abdominal region of L3 larvae (arrows, Fig. 5B ), which correlated with the increased number and persistence of the pNBs. In addition, expression of E(spl)mg-GFP was reduced in the thoracic segments at late L3 (see below). This suggested that Notch activity was altered in grh mutants, but it was not initially clear whether this was a cause or a consequence of the change in pNB behaviour.
Since mutations in Notch result in embryonic lethality we took two approaches to assess the role of Notch in pNBs. First we used the temperature sensitive N ts allele and examined the characteristics adopted by pNBs at the nonpermissive temperature. Unlike the situation with grh mutants, we were unable to detect any changes in Notch mutants. Expression of Grh, Gsb-p and Prospero were all unaltered as was anti-pH3 staining (Fig. 5D and data not shown). For example, the abdominal clusters start and stop dividing at the normal time, showing that Notch is neither , Castor is in a subset of pNBs (arrows mark pNB with both Castor and Gsb-p (red), T1,T2 and T3 thoracic hemineuromeres are indicated). Early L3 CNS (E,F), Castor is in more pNB lineages and is present both in some pNBs (e.g. arrow) and in progeny. Late L3 CNS (G,H) Castor is in subset of progeny of all lineages; grh 370 has fewer Castor-expressing cells in the thorax and ectopic clusters in abdomen (e.g. arrow).
necessary for pNBs to exit quiescence, nor for them to senesce normally.
Although the N ts allele has reduced Notch activity at the non-permissive temperature, it is unlikely to eliminate all Notch function. Therefore we turned to a second approach and removed Notch function in pNB lineages using the MARCM system (Lee and Luo, 1999) to generate positively marked clones of cells that are homozygous for a Notch null allele. We examined 44 mutant and 44 wild-type clones. By all criteria, the Notch mutant clones behaved indistinguishably from wildtype (e.g. Fig. 5E-I) . Grh, Gsb-p and Prospero were all detected in the appropriate position within the lineage, as were a number of other markers such as Elav and Castor (Fig. 5E-H and data not shown). Similar numbers of progeny are present in wild-type and in Notch mutant lineages (Fig. 5I) Our analysis did not allow us to distinguish whether there were switches in the fates of the neural cells produced in the absence of Notch. However it did show that Notch activity was not essential for the normal programme of proliferation in the pNBs, and thus could not account for the effects of removing Grh.
Regulation of E-Cadherin by grh
In contrast to Notch, previous studies have shown that E-Cadherin is necessary for normal pNB proliferation (Dumstrei et al., 2003a) . These studies showed that expression of a dominant negative E-Cadherin in the neural and glial cells reduced the number of progeny produced by pNBs to !25% of wild type. Expression in the ensheathing glia alone led to more minor reduction, arguing that the protein is needed in both glia and pNBs. As reported previously, we detected strong expression of E-Cadherin in the pNBs and their adjacent progeny ( Fig. 6A,C ; Dumstrei et al., 2003a) . In grh 370 however, the levels of E-Cadherin in the thoracic region of the CNS were dramatically reduced (Fig. B,D) . Several pNBs lack significant E-Cadherin expression all together, others retained some expression but at much lower levels compared to wild type (Fig. 6A-D) . Similar effects were seen in clones mutant for another loss of function grh allele, grh B32 (Fig. 6E ). In lineages homozygous for grh B32 there was a variable reduction in E-Cadherin compared to neighbouring wild-type lineages.
The effects on Cadherin contrast with those on Notch, where expression in the thoracic pNBs was still robust in grh 370 , arguing against an indirect effect resulting from changes in size (Fig. 5B) . To further test this, we asked whether Grh is sufficient to promote E-Cadherin expression when expressed elsewhere in the CNS. We used a pros::Gal4 driver line that directs high levels of expression in neurons and lower expression in the pNB lineages (Fig. 6G) . When this was used to drive expression of the CNS isoform of grh, high levels of ectopic E-Cadherin were detected, particularly in many of the embryo-derived neurons that are normally devoid of E-Cadherin expression at these stages ( Fig. 6F,H ; the neurons formed during the embryonic phase of neurogenesis and are located in a more dorsal layer of the CNS and are clearly evident in the abdominal region of the confocal sections). Neither Castor nor Notch expression was altered under these conditions (data not shown). Therefore Grh appears to be an activator of E-Cadherin expression. However, ectopic Grh was not sufficient to direct additional proliferation under the conditions tested. We therefore examined the genomic sequence flanking the E-Cadherin gene (shotgun, shg) for consensus Grh binding sites using two different strategies. Grh binds as a dimer and in recent studies of Grh family proteins a consensus target-site was derived (WCHGGTT (Venkatesan et al., 2003) ). Eight matches to this consensus are present in the genomic region spanning from 1 kb upstream of the shg transcript (another gene, CG10540, starts 944 bp upstream of shg, see Fig. 6J ) to 5 kb downstream. A second search using a weighted matrix (Target-Explorer (Sosinsky et al., 2003) ) revealed 13 matches within 5 kb of shg. A comparison of the two sets of putative sites identified four common matches: AAACAGGTTA (K300); AAACAGGTAA (C275); ATACTGGTTT (2650 bp downstream, Shg2); CAACAGGTAG (3131 bp downstream, Shg1). The latter two are 100% conserved between D. melanogaster and the five other Drosophila species for which sequence is available (arrows, Fig. 6H ). To confirm that these two sites are recognised by Grh, we used a stringent assay where we tested their ability to compete with a wellcharacterised, high affinity site, Gbe2 from the Dopa decarboxylase gene (Fig. 6I) . Both sites were able to compete, reducing the amount of probe bound by 51% (Shg1) and 75% (Shg2) when present at 40! molar excess (a control oligo had no effect at the same molar excess; Fig 6I) . The presence of these conserved sites indicates therefore that shg/E-Cadherin is likely to be a direct target of Grh. However, E-Cadherin cannot be the only target, since we were unable to rescue the grh 370 mutant phenotype by supplying E-Cadherin via an exogenous driver (GrhNB::Gal4/UAS::E-Cadherin; data not shown).
Discussion
Regulation of stem cell survival and proliferation is critical for the shaping and repair of many tissues. Here, we have shown that Grh, the founding member of a family of transcription factors conserved between Drosophila and humans, regulates behaviour of post-embryonic neural stem cells (pNBs) in the ventral ganglion of the Drosophila CNS.
Grh is first expressed in the neuroblasts at the latest stage of embryogenesis (Bray et al., 1989; Brody and Odenwald, 2000) . It persists in the quiescent post-embryonic neuroblasts through the initial stages of larval development and is highly expressed in these pNBs during their proliferative phase ( Fig. 1 ; (Prokop et al., 1998) . Since it is to date one of the few transcription factors present in all pNBs, our starting hypothesis was that Grh is essential for the neuroblasts to enter the post-embryonic programme. We therefore anticipated that in grh mutants the pNBs would not survive or would fail to reactivate. Neither of these is the case; our data indicate that Grh is not essential for embryonic neuroblasts to become pNBs. Nor is it essential for them to exit quiescence and re-initiate proliferation. However, it is necessary for the pNBs to carry out their correct programme. Normally, there are very different numbers of neurons produced by the pNBs in different parts of the larval CNS. This reflects the requirement of the adult, where the neural circuitry in the thorax and brain is much more complex than the central abdominal segments, which have no appendages or sophisticated sensory structures (the terminal abdominal neuromere is more complex reflecting its association with the genitalia). In grh mutants, there is a disruption to the numbers of neurons produced, with thoracic neuromeres producing fewer cells and abdominal neuromeres producing extra cells (we have not analysed effects on brain lobe neuroblasts). Grh therefore is necessary for the pNBs to produce the correct number of progeny. As the mutant animals do not survive, it is unclear what consequence this has on CNS function, but the expectation is that there would be severe defects (and in earlier experiments rare trans-heterozygous adults emerged with uncoordinated movements; Uv et al., 1997) . Further analysis of the fates of the cells produced by the pNBs in wild-type will be needed to understand the scope of these defects.
To understand how grh alters pNB programming we investigated three potential targets, Castor, Notch and E-Cadherin. Castor was selected because it is expressed prior to Grh in embryonic lineages (Brody and Odenwald, 2000) and it also contains good consensus Grh binding sites within 3kb (data not shown). Notch and E-Cadherin were chosen because both are expressed in pNBs and we were particularly interested in whether Grh might be regulating cell-surface proteins that affect cell-cell interactions, as it does in other tissues that have been examined (Hemphala et al., 2003; Lee and Adler, 2004 ).
In addition, both Notch and Cadherins have been shown to influence stem cell behaviour in other systems (Fuchs et al., 2004; Watt and Hogan, 2000) .
Regulation of E-Cadherin expression
Of the three possible mechanisms investigated, E-Cadherin emerged as a primary factor downstream of Grh in the pNBs.
Investigations of E-Cadherin were prompted by the fact that dominant-negative E-Cadherin expression in the larval CNS gives rise to similar defects to grh, namely reduced proliferation of the brain pNBs. Furthermore, E-Cadherin function is also necessary in many mammalian stem cells including skin cells where dominant-negative Cadherins elicit premature differentiation (Zhu and Watt, 1996) . We found that Cadherin expression was significantly disrupted in grh mutants where the levels dramatically declined. Ectopic Grh was also sufficient to promote high levels of ectopic E-Cadherin expression. Although Grh is probably not the only factor required for E-Cadherin expression in the pNBs (some E-Cadherin protein was still present in the grh mutants), our data argue that Grh is essential to maintain normal levels of E-Cadherin expression. These results, together with the defects seen when E-Cadherin function is disrupted, indicate that E-Cadherin could be one target of Grh function in the pNBs. In previous studies it has been shown that E-Cadherin is required both in the neural lineages and in the sheath glia that surround the CNS and it was proposed that the latter are part of the niche that maintains the pNBs (Dumstrei et al., 2003a) . In agreement, the glial cells produce other factors required for pNB regulation (Ebens et al., 1993) . Grh therefore could regulate pNBs in part through the expression of proteins that mediate interactions with the niche.
Although the data show that Cadherin is regulated by Grh, they do not resolve unequivocally whether it is a direct target. Examination of genomic sequence revealed two binding-sites close to the shotgun/E-Cadherin gene that are conserved in other Drosophila species and that are bound by Grh in vitro. Future studies will show whether these sites are essential for shg expression. However, we were particularly excited by these results because they provide a link between grh function in the pNBs and in other tissues. We have observed changes in E-Cadherin levels in response to grh in other parts of the animal (Maithreyi Narasimha and SJB unpublished). There is also an interaction between shg and several genes that act together with grh in epidermal morphogenesis (although no direct genetic interaction was seen between shg and grh itself; Ostrowski et al., 2002) . Given that the precise levels of E-Cadherin proteins can be critical in shaping the sorting and interactions between cells (Tepass et al., 2002) it will be important to determine whether Grh is required for this regulation. It will also be important to establish whether Cadherins are targets of Grh in other animals, for example in mice where mutations in Grhl3 result in defects in neural tube closure and epidermal integrity (Ting et al., 2005; Ting et al., 2003) .
Reactivation of Castor in pNBs
Despite the fact that Castor appeared a likely target for Grh we found no evidence that it is deregulated in the larval CNS of grh mutants. We are confident that there was no ectopic Castor in thoracic pNBs at the stage when they first reactivate, as might be predicted if Grh was essential for castor repression. We also failed to detect any repression of Castor when Grh was ectopically expressed with pros::Gal4 (data not shown). Therefore, Castor does not appear to be a primary target for the effects of Grh in the pNBs. However, in wild type CNS Castor was present transiently in many if not all of the pNBs and it remains possible that in grh mutants Castor is activated prematurely or for more prolonged periods in some of the pNBs. We have not been able to dissect in sufficient detail the timing of expression in individual thoracic lineages to resolve this. Nevertheless, it is clear from these studies that Castor is re-activated in post-embryonic lineages. This indicates that the temporal cascade of transcription factor expression does not extend simply into the post-embryonic stages. It is possible that the quiescent period during early larval stages could reset the temporal clock so that embryonic factors can be reused. However, the presence of Castor in some pNBs at the time when they first reactivate would argue against the postembryonic series recapitulating the embryonic one, since Castor is expressed at late stage in embryonic pNBs (Brody and Odenwald, 2000) .
Role of Notch in the pNBs
Whether or not Notch was regulated by Grh, it was certainly a prime candidate to maintain the pNB stem-cells (e.g. Hitoshi et al., 2002) . Previous studies had shown that Notch is present on the pNBs and our E(spl)mg-GFP reporter showed definitively that Notch is activated in these cells. However, surprisingly, mutations in Notch failed to perturb any of the aspects of pNB behaviour that we could assay. For example, one simple model was that signals from the progeny to the pNB mediated by Notch would prevent the pNB from differentiating prematurely (Rapaport and Dorsky, 1998) . However, in Notch mutants the pNBs were found to persist as normal throughout larval stages. The abdominal pNBs also disappeared at the normal stage, indicating that the timing of their apoptosis is independent of Notch, even though Notch does regulate cell death elsewhere (e.g. Lin and Kopan, 2003) . Likewise, we found no evidence that Notch controls proliferation of the pNBs because the number of progeny produced and their maturation was unaffected by Notch mutations. We have not however been able to evaluate whether the ultimate fates of the progeny are altered in Notch mutants so it remains possible that it regulates the neuronal or glial cell types produced. Now that lineage maps are being generated for the pNBs it should be possible to start investigating this possibility (Truman et al., 2004) . Nevertheless, it is clear that the pNBs retain their stemcell characteristics in the absence of Notch activity.
Relationship with homeotic genes
The defects in the pNB lineages of grh mutants are position dependant. Thus, the thoracic pNBs produce fewer progeny whereas abdominal pNBs proliferate for a more prolonged period. In general, such A/P position dependent patterning is co-ordinated by the homeotic genes and indeed abdA has been shown to regulate the timing of cell death and hence the period of proliferation in the abdominal pNBs, as well as regulating the number of pNBs that persist in abdominal segments (Bello et al., 2003; Prokop et al., 1998; Truman et al., 1993) . However the phenotype of abdA mutants is significantly different from that of grh; for example the abdominal clusters are much larger and there are no defects in thoracic clusters (data not shown), so it is unlikely that grh is upstream of abdA. Furthermore, in parallel studies Cenci and Gould have shown that the initiation of AbdA expression still occurs in grh mutants (Cenci and Gould, 2005) . Therefore it is more likely that grh acts in parallel to the homeotic genes to co-ordinate the pNB programme.
Experimental procedures

Fly stocks and generation of MARCM clones
Except where otherwise stated fly stocks used are as described in Flybase. For miss-expression studies UAS:: grhO[29.2] (Uv, 1996) , UAS::p35 (Hay et al., 1994) , or UAS::D-E-Cadherin (Dumstrei et al., 2003a) were crossed to grhNB::Gal4 or pros::Gal4 (Ohshiro et al., 2000) drivers. All grh mutant larvae were generated by crossing b cn pr wx wt grh 370 bw/CyO-GFP to Df(2R)Pcl7B/CyO-GFP and selecting larvae that lacked GFP. We also note that the mutant larvae frequently die at the second larval moult and that few progress to late third instar.
To generate positively marked MARCM clones (Lee and Luo, 1999) w sn N 55e11 FRT19A /FM7cGFP or w sn FRT19A females were crossed to males of the MARCM driver stock: FRT19A, P{tubP-GAL80}LL1, P{hsFLP}1 /Y; UAS-lacZ UAS-CD8:GFP /CyO; tub-Gal4/TM6bTb in a small population cage. Embryos were collected over a 6-12 h time window and were heat-shocked for 1 h at 37 8C at 6-18 and 30-42 h after hatching (AH). Female larvae that lacked Tb and ubiquitous GFP (from FM7c) were selected for staining.
Larval staging and immunofluorescence
Embryos were collected on apple juice plates and larvae were transferred to fresh plates shortly after hatching. Twenty-four hours later, larvae of the appropriate genotype were transferred to fresh yeasted plates and aged as required, all times are calculated after hatching (65-75 h for mid L3, 85-100 h for late L3). For BrdU labelling, plates contained 0.1 mg/ml BrdU. Dissection of larvae and immunofluorescence were as described previously (Uv et al., 1997) except that dissections were carried out in PBS and for BrdU labelling tissues were treated with 2N HCL for 25 0 and neutralised with 100 mM Borax (2!5 0 ) before blocking.
Primary antibodies were mouse anti-Grh (1/5; (Bray et al., 1989) ; rat anti-DE-Cadherin (1:500; (Dumstrei et al., 2003b) ; rabbit anti-Castor (1:3000; (Kambadur et al., 1998) ; rabbit anti-phosphoH3 (1:400; Upstate Biotechnology); rabbit anti-GFP (1/1000; Molecular Probes); rat anti-Gsb-p (1/4 (Zhang et al., 1994) ; mouse anti-BrdU (1/100; Beckton-Dickenson); mouse anti-Prospero (1/10; (Spana and Doe, 1995) ; mouse anti-Notch (1/20; (Fehon et al., 1991); and Rat anti-Elav (1:50 (O'Neill et al., 1994) . The latter three antibodies were obtained from Developmental Studies Hybridoma Bank. Secondary antibodies were from Jackson Immnunological. Images were collected using a Leica TCS-NT-UV scanning confocal microscope.
E(spl)mg-GFP transgenic lines
Genomic sequences spanning the E(spl)mg gene extended from EcoRI site at K947 to XhoI site 2078 bp downstream of the transcribed region (as defined by Flybase; original source of DNA was Oregon R flies and lacks a second EcoRI site adjacent to the XhoI site). GFP coding sequence was amplified using primers containing Cla I restriction sites. Following a partial Cla I digestion, the full-length GFP fragment was ligated into the Cla I site in the coding sequence of E(spl)mg, in frame. The resulting E(spl)mg-GFP fragment was excised with Not I-Kpn I and ligated into pwhiterabbit for injection into yellow white flies. Several independent lines were isolated and all showed similar levels of expression. Homozygous stocks were prepared containing insertions on chromosomes II and III so that 2-4 copies of the transgene were present in most experiments.
Sequence analysis and binding assays
Searches for Grh consensus sites were carried out with MacVector and Target-Explorer (Sosinsky et al., 2003 and the cut-off score was 6.19. The UCSC vista browser http://pipeline.lbl.gov/cgi-bin/gateway2?bgZdm1 was used to look at conservation between D. melanogaster and D. pseudoobscura.and other Drosophila species (Couronne et al., 2003) . EMSA were carried out as described previously (Uv et al., 1994) . Reactions contained 0.5 ml of a 1/10 dilution of crude bacterial extract containing the Gst-P/E Grh fusion protein, 25 fmoles of 32 P labelled Gbe2 double stranded oligonucleotide (5 0 CTAGCGATTGAACCGGTCCTGCGGT) and 100 fmoles or 1 pmole of the following cold competitors where indicated: Shg1: 5 0 AGATTTTACTACCTGTTGTAG; Shg2: 5 0 AGACCCATATCGGTTTTCCG; N-box: 5 0 GATCAGCCACGAGCCACAAGGATTG
